The aim of this study was to compare the proteome profiles of the chorioamnion and corresponding caruncle for buffalo embryos that had either normal or retarded development on Day 25 after artificial insemination (AI). In experiment 1, embryos that were to subsequently undergo late embryonic mortality had a smaller width on Day 25 after AI than embryos associated with pregnancy on Day 45 after AI. In experiment 2, 25 Italian Mediterranean buffaloes underwent transrectal ultrasonography on Day 25 after AI, and pregnant animals were categorized as one of two groups based on embryonic width: normal embryos (embryonic width . 2.7 mm) and retarded embryos (embryonic width , 2.7 mm). Three buffaloes of each group were slaughtered on Day 27 after AI to collect chorioamnion and caruncle tissues for subsequent proteomic analyses. Two-dimensional difference gel electrophoresis (2D-DIGE) and matrix-assisted laser desorption/ionization-time-offlight/time-of-flight mass spectrometer analysis were used to ascertain the proteomic profiles. To confirm 2D-DIGE-results, three selected proteins were analyzed by Western blot. The proteomic profiles of the chorioamnion of retarded embryos and the corresponding caruncles showed differences in the expression of several proteins compared to normal embryos. In particular, a down-regulation was observed for proteins involved in protein folding (HSP 90-alpha, calreticulin), calcium binding (annexin A1, annexin A2), and coagulation (fibrinogen alphachain) (P , 0.05), whereas proteins involved in protease inhibition (alpha-1-antiproteinase, serpin H1, serpin A3-8), DNA and RNA binding (heterogeneous nuclear ribonucleoproteins A2/B1 and K), chromosome segregation (serine/threonineprotein phosphatase 2A), cytoskeletal organization (ezrin), cell redox homeostasis (amine oxidase-A), and hemoglobin binding (haptoglobin) were up-regulated (P , 0.05).
INTRODUCTION
Reproductive function in buffaloes is influenced by both nutrition and photoperiod. In order to have milk throughout the year for market continuity, it is necessary to use assisted breeding for out-of-season mating of postpartum buffaloes. However, buffaloes bred out of season often show a greater incidence of embryonic mortality than buffaloes bred during the breeding season [1] [2] [3] [4] [5] . The seasonality of reproduction in buffaloes impacts the rate of genetic improvement and the transfer of genetic material among countries [2] .
In cattle, early embryonic mortality before Day 19 after mating has the greatest impact on pregnancy [6, 7] . Embryonic mortality in cattle can result from the direct failure of the embryo to develop but is more commonly due to the failure of the embryo to prevent regression of the corpus luteum [6] . In domestic ruminants, early embryos produce interferon-tau, which suppresses the expression of estrogen a-receptor. This precludes estrogen stimulation of oxytocin receptors and prevents development of the endometrial luteolytic mechanism involving oxytocin-induced luteolytic pulses of PGF [8, 9] . Early embryonic mortality results when there is inadequate secretion of interferon-tau, failure of maternal pregnancy recognition, and decreased secretion of progesterone [6] .
In contrast to other ruminants, early embryo mortality as a result of the failure of pregnancy recognition has relatively little impact on mating outcome in buffalo [2, 5, 10] . While embryonic mortality in buffalo can occur at different stages of development [2, 5, 11] , the highest incidence typically occurs between Days 25 and 45 after mating [4, 5] . This is subsequent to the period of maternal recognition of pregnancy and is recognized as late embryonic mortality. Late embryonic mortality is typically associated with lower activity of the corpus luteum and reduced concentrations of progesterone (P4) in circulation beginning around Day 10 after mating [12] [13] [14] . It was proposed that reduced P4 in circulation has a negative affect on the role of P4 in decreasing anti-adhesive protein MUC-1 expression in uterine epithelium, which is required for blastocyst attachment [2] . Treatment of buffaloes with GnRH and hCG on Day 25 after mating induced an increase in P4, and this was associated with a reduced incidence of late embryonic mortality [15] . The latter finding was interpreted to indicate that a threshold concentration of circulating P4 is required during the transitory phase of embryonic attachment in buffaloes, and that a critical window for the establishment of pregnancy is between Days 25 and 32 after mating.
In sheep, endometrial proteins such as glycosylated cell adhesion molecule 1, galectin 15, integrins, and osteopontin have been identified as potential regulators of embryo development and attachment [16] . Equivalent studies on uterine gene and protein expression during the initial stages of embryonic development and attachment are not available for buffaloes. It was suggested that common pathways may regulate conceptusendometrial interactions in mammals, but there are likely to be important differences among species in specific proteins involved [17] . A description of the proteome of the conceptus (embryo and its associated extra-embryonic membranes) and uterus during the initiation of attachment (Days 25-32 after mating) would provide the basis for a molecular elucidation of the causes of late embryonic mortality in buffaloes.
In a recent study, there was a difference in embryo dimensions on Day 25 after mating between buffaloes that remained pregnant and buffaloes that had late embryonic mortality [13] . The aim in the first experiment of the present study was to confirm the relationship between embryonic growth on Day 25 after mating and pregnancy maintenance in buffaloes. The hypothesis tested in the first experiment was that embryos that attained a threshold size by Day 25 after mating would have a high likelihood of establishing a pregnancy. The second experiment compared the proteome profiles of the chorioamnion and adjacent caruncles for embryos that had normal development at Day 25 and embryos that had retarded development. The hypothesis tested in the second experiment was that embryos that had normal development on Day 25 after mating and embryos that had retarded development on Day 25 would differ in proteome profiles of both the chorioamnion and adjacent caruncles.
MATERIALS AND METHODS

Ethics
The Ethical Animal Care and Use Committee of the University of Naples Federico II (Naples, Italy) approved the experimental design and animal treatments.
Materials
All chemicals were purchased from Sigma Chemical Company (St. Louis, MO) unless otherwise indicated.
Experiment 1
This experiment utilized 270 Italian Mediterranean buffaloes at 133 6 8 days postpartum that were located on a commercial farm in southern Italy (latitude 40.58-41.58 N and longitude 13.58-15.58 E). The experiment coincided with the transitional period to seasonal anestrus. Animals were maintained on cement pads and fed a total mixed ration consisting of 50%-55% forage and 45%-50% concentrate, containing 0.90 milk forage units per kilogram of dry matter (DM) and 15% crude protein on a DM basis. All buffaloes underwent a clinical examination of the ovaries and uterus by ultrasound (Aloka SSD-500; Aloka, Tokyo, Japan) at Days À20 and À10 (Day 0, start of the experiment). Animals without a corpus luteum on either day of examination and those with any gross abnormalities of the genital tract were excluded from the experiment.
Synchronization of Ovulation, Artificial Insemination, and Pregnancy
The protocol used to synchronize stage of the estrous cycle, Ovsynch with timed AI, was similar to that developed for cattle [18] and previously applied in buffaloes [19] . Briefly, it comprises the i.m. administration of a GnRH agonist (buserelin acetate, 12 lg; Receptal; Intervet, Milan, Italy) on Day 0, a PGF2a analog (luprostiol, 15 mg; Prosolvin; Intervet) on Day 7, and GnRH agonist (buserelin acetate, 12 lg) again on Day 9. Artificial insemination (AI) was performed by the same operator, and each buffalo was inseminated once 20 h after the second injection of the GnRH agonist. Because of the relatively low intensity of estrous behavior in female buffaloes [20] , they were palpated per rectum (immediately before AI) to assess estrous status (follicle . 10 mm and a tonic uterus with the presence or absence of mucous vaginal discharge). Twenty-five days after AI, buffaloes underwent transrectal ultrasonography to assess embryonic development. Ultrasonography was conducted with a portable Sonoace Pico (Medison, Cypress, CA) equipped with a 10-MHz linear transducer adapted for transrectal examination in large domestic animals and was carried out by the same experienced operator. Pregnancy was confirmed on Day 45 after AI. Buffaloes with an embryo on Day 25, but not pregnant on Day 45, were considered to have undergone late embryonic mortality. On Day 25 after AI, the following embryo parameters were measured: embryo length (EL, a straight line between the crown and the origin of tail) and embryo width (EW, a line at the center of the embryo and perpendicular to the line used to determine EL).
Progesterone
The cyclic ovarian status of buffaloes and function of the corpus luteum were evaluated by measuring concentrations of P4 in plasma by radioimmunoassay [21, 22] . Blood samples were collected on Days 10 and 20 after AI in tubes containing sodium heparin. Samples were obtained from the jugular vein and centrifuged at 800 3 g for 15 min, and the plasma was stored at À208C until samples were analyzed in a single assay. Concentrations of P4 . 1.5 ng=ml were considered to be indicative of the presence of an active corpus luteum [23] . The minimum detectable concentration of P4 was 2.1 6 0.1 pg, and the intraand interassay coefficients of variation were 6.2% and 11.8%, respectively.
Experiment 2
The second experiment utilized 25 Italian Mediterranean buffaloes at 127 6 7 days postpartum. Stage of the estrous cycle was synchronized using the Ovsynch protocol, and animals were mated by timed AI as described in experiment 1 [18, 19] . Blood samples were taken at Days 10 and 20 after AI to determine concentrations of P4 in serum as described in experiment 1. On Day 25 after AI, buffaloes underwent transrectal ultrasonography to confirm the presence of an embryo, which was measured using the parameters described for experiment 1. Embryos were assigned to two groups based on EW: normal embryos with EW . 2.7 mm and retarded embryos with EW , 2.7 mm. Three buffaloes with the largest EW (3.7, 3.7, and 3.9 mm) and three buffaloes with the smallest EW (1.5, 1.6, and 1.9 mm) on Day 25 were slaughtered on Day 27 after AI to collect chorioamnion and caruncle tissues for subsequent proteomic analyses.
Sample Collection
After slaughter, the uterine horn containing the conceptus was opened longitudinally with scissors, starting from the body of the uterus in the direction of the gravid horn, and the conceptus (embryo and its associated trophoblast) was recovered. After removal and measurement of the embryo, the chorioamnion was placed in a test tube containing RNAlater solution (Invitrogen, Carlsbad, CA). Caruncles (n ¼ 3) in the uterine horn ipsilateral to the conceptus and adjacent to the chorion were recovered and also stored in RNAlater solution (Fig. 1 ). Chorioamnions were classified as normal (NCA) or retarded (RCA). and adjacent caruncles were classified as normal caruncles (NC) or retarded caruncles (RC).
Two-Dimensional Difference Gel Electrophoresis and Imaging
Two-dimensional difference gel electrophoresis (2D-DIGE) was used to ascertain the proteomic profiles of chorioamnions and caruncles according to the standard Applied Biomics protocol (Applied Biomics, Hayward, CA). Briefly, tissues (250 mg) were washed twice in PBS and cut into small pieces for protein extraction by adding 500 ll of 2D lysis buffer (w/v 2:1; 7 M urea, 2 M thiourea, 4% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate [CHAPS], 30 mM Tris-HCl [pH 8.8]). Homogenization was performed using a tissue homogenizer (Precellys 24; Bertin Technologies, Bertin Pharma, Montigny-le-Bretonneux, France). Tubes containing homogenized tissue were placed on a tube shaker for 30 min and then centrifuged at 800 3 g for 10 min at 48C to collect the supernatant (cell lysate). Protein concentration was determined by the Lowry method [24] . Proteins were then precipitated by adding 100% cold ethanol. In detail, protein precipitation was carried out on aliquots of 60 ll of extracted protein (at protein concentrations from 2 to 5 mg/ ml) in a 1.5-ml plastic tube by adding 540 ll cold 100% methanol. Tubes were vigorously vortexed for 30 sec, then centrifuged at 20 000 3 g for 10 to 15 min at 48C. After centrifugation, the supernatant was removed and pellets were stored in 30 ll of 100% ethanol at À208C. For 2D-DIGE analysis, protein extracts were labeled separately with Cy3 (NCA and CA) and Cy5 (RCA and RC) and simultaneously separated on a single 2D gel (gelA ¼ NCA and CA; gelB ¼ RCA and RC) using isoelectric focusing in the first dimension (pH gradient 3-10 L) and SDS-PAGE (10.5% acrylamide) in the second dimension.
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The internal standard was prepared by pooling equal amounts of protein from each biological sample in the experiment and labeling it with Cy2 for minimal labeling [25] . The Cy2-labeled pool was run on all gels, allowing spot matching and normalization of signals from different gels. After electrophoresis, fluorescence-labeled proteins in the 2D gels were scanned using a Typhoon variable mode imager (Applied Biomics, Hayward, CA). The CyDye DIGE dye filter and laser combinations were selected to give the optimum results, with minimal crosstalk between fluorescent channels. According to the Applied Biomics procedure, any possible difference in quantum yield of the two fluorophores was appropriately corrected by the DeCyder software [25] . The DeCyder 2D software (version 6.5) was used to calculate the spot ratio. Spot ratio is the volume of the secondary image spot divided by the volume of the primary image spot. Specifically, spot ratios RCA/NCA and RC/NC are the volume of the RCA and RC spots compared to their controls, i.e., NCA and RC, respectively. This ratio indicates the change in spot volume between the two images. The ratio values, normalized by the DeCyder 2D software, are the combination of volume, slope, peak height, area, and normalization with internal standard. This ratio parameter is referred to as the volume ratio, which is expressed in the range of 1 to 1 000 000 for increases in spot volumes and À1 to À1 000 000 for decreases in spot volumes. For examples, a twofold increase and decrease are represented by 2 and À2, respectively (and not 2 and 0.5, as might have been expected). Competitively labeled gels were run in duplicate.
Mass Spectrometer Analysis
A spot was defined as a protein of interest if there was significant (P , 0.05) up-regulation or down-regulation between normal and retarded chorioamnions and normal and retarded caruncles, respectively. To reduce the likelihood of false positives, only proteins with at least a twofold change were further identified. Proteins of interest were automatically picked out from the 2D gel with Ettan Spot Picker (Applied Biomics, Hayward, CA) and transferred for protein identification. The protein spots were then subjected to in-gel digestion to enable identification using a matrix-assisted laser desorption/ ionization (MALDI)-time-of-flight/time-of-flight (ToF/ToF) mass spectrometer (Applied Biomics, Hayward, CA). The analysis was confirmed by 2D gel electrophoresis and mass spectrometry following the Applied Biomics protocol for sample preparation and 2D-gel electrophoresis. Mass spectrometry analysis of spots of interest was performed as previously described [26, 27] .
Western Blot Analysis
To confirm 2D-DIGE results, three selected proteins were analyzed by Western blot. An aliquot of protein extracts from the tissues of each animal (n ¼ 3) was used for duplicate Western blot analysis (n ¼ 6). Approximately 30 lg of protein extracts were loaded on 12.5% SDS-polyacrylamide gel, as previously described [26, 27] . The gel was transblotted onto a nitro-cellulose membrane, blocked with 3% bovine albumin serum in Tris-buffered saline (pH 7.4) with 0.1% Tween 20 for 2 h, and incubated overnight at 48C with rabbit polyclonal antibody against calreticulin (1:1000; Abnova, Heidelberg Germany), rabbit polyclonal annexin 2 antibody (1:1000; Sigma), and mouse monoclonal HSP-90-alpha antibody (1:4000; BD Pharmigen, San Diego, CA). Secondary antibodies were goat-anti mouse IgG-HRP (1:10 000; Santa Cruz Biotechnology, Dallas, TX) and goat-anti rabbit IgG-HRP (1:10 000; Santa Cruz Biotechnology). After incubation with the respective secondary antibodies, the signal was detected with the aid of a chemiluminescence kit (Immobilon Western with Chemiluminescent HRP Substrate; Millipore, Billerica, MA). Membranes were normalized with a mouse monoclonal antibody against c-tubulin protein (GTU-88; 1:1000; Sigma). Semiquantitative densitometry of Western blot was performed by using a Scan LKB (Amersham Pharmacia, Piscataway, New Jersey) [26, 27] .
Statistical Analyses
Differences between pregnant buffaloes and buffaloes that showed late embryonic mortality with regard to embryo dimensions (EL and EW) were assessed using the Student t-test. Differences in concentrations of P4 in serum were analyzed by ANOVA (IBM SPSS 20.0; IBM, Armonk, NY) using the following model:
Where: Differences among RS groups were tested by Tukey test. Before analyses, data were tested for normality by the SAS UNIVARIATE procedure (ShapiroWilk test) or homogeneity of variances test (Bartlett test).
The Student t-test was used to detect differences in proteomic profiles between NCA and RCA and between NC and RC. The endpoint for the t-test comparisons was the protein expression, NCA vs. RCA and NC vs. RC. Significance was set at either P , 0.05 or P , 0.01. It is recognized that use of the t-test can produce false positives. However, this was substantially reduced in the present study as each of the t-tests was discrete and compared just two protein expression values rather than multiple comparisons. Also, as noted earlier, only proteins with at least a twofold change were evaluated. Any false positives in the present study would have been at 5% for P , 0.05 and 1% for P , 0.01.
RESULTS
Experiment 1: Progesterone and Embryonic Growth
From 270 buffaloes that were treated with the Ovsynch protocol, 230 were deemed to be suitable for AI, which was a synchronization rate of 85.2%. On Day 25 after AI, 93/230 (40.4%) buffaloes had a conceptus, and on Day 45 after AI, 76/ 230 (33.0%) buffaloes were pregnant, which represented a late embryonic mortality of 17/93 (18.3%).
Buffaloes that were pregnant on Day 45 had greater concentrations of P4 in plasma on both Days 10 and 20 after AI than nonpregnant buffaloes and buffaloes that had late embryonic mortality (Table 1) . Concentrations of P4 increased (P , 0.01) from Day 10 to Day 20 in both pregnant and nonpregnant buffaloes, but not in animals that underwent late embryonic mortality (Table 1 ). The relative changes in concentrations of P4 from Day 10 to Day 20 were greater (P , 0.05) in pregnant buffaloes than in those showing late embryonic mortality (Table 1) . No interaction was found between reproductive status and days after AI. 
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On Day 25, the chorioamnion could be viewed on ultrasound as an oblong structure with an echogenic wall and anechoic fluid. EL on Day 25 did not differ (P . 0.05) between buffaloes that were pregnant on Day 45 (7.1 6 0.2 mm) and those that showed late embryonic mortality (7.3 6 0.4 mm). However, on Day 25, for buffaloes that were pregnant on Day 45, the embryos had a greater (P , 0.01) width (3.5 6 0.1 mm) than those of buffaloes that underwent late embryonic mortality (2.7 6 0.1 mm).
Experiment 2: Embryo Size
Of the 25 buffaloes treated with the Ovsynch protocol, 20 were deemed to be suitable for AI, which was a synchronization rate of 80.0%. On Day 25 after AI, 11/20 (55.0%) buffaloes had a conceptus. Of these buffaloes, 6/11 (54.5%) had embryos with EW . 2.7 mm (3.5 6 0.3 mm), and 5/11 (45.5%) had embryos with EW , 2.7 mm (2.1 6 0.2 mm; P , 0.01). Buffaloes with EW . 2.7 mm also had a greater (P , 0.01) EL (9.0 6 0.5 mm) compared with buffaloes with EW , 2.7 mm (5.6 6 0.4 mm). Concentrations of P4 in plasma did not differ on Day 10 between buffaloes with EW . 2.7 mm and buffaloes with EW , 2.7 mm (1.7 6 0.1 ng/ml and 1.5 6 0.1 ng/ml, respectively), but the former buffaloes had greater (P , 0.01) concentrations of P4 in plasma on Day 20 (2.4 6 0.2 ng/ml and 1.6 6 0.1 ng/ml, respectively). The latter result was due to a greater (P , 0.05) increase in concentrations of P4 from Day 10 to Day 20 in buffaloes with EW . 2.7 mm (0.6 6 0.1 ng/ml) compared with buffaloes with EW , 2.7 mm (0.05 6 0.1 ng/ml). A significant (P , 0.05) increase in plasma P4 from Day 10 to Day 20 was only observed in buffaloes with EW . 2.7 mm.
Proteomic Profiles of Chorioamnion
Proteomic profiles were obtained for chorioamnion tissue from three normally developing embryos (NCA) and three embryos with retarded development (RCA) on Day 27 of gestation. The ability to directly compare two samples on the same gel and thus avoid problems of gel-to-gel variation made 2D-DIGE the technique of choice for a rapid and accurate analysis of any protein differences in tissue from normal and retarded embryos. Analysis of the protein spot profiles revealed 95 differentially expressed spots for all samples analyzed (P , 0.05; Fig. 2 ). Changes in expression of the identified protein spots are shown in more detail in the replicate 2D gel runs (Fig.  3 ) and in three-dimensional (3D) presentation (Fig. 4) . Proteins of interest were identified by MALDI-ToF/ToF, and only those for which identity was established with a significant total ion score confidence interval (CI %) are reported ( Table 2) . Protein spots 15 and 16, with volume ratios (RCA/NCA) of 5.6 and 3.8, respectively, corresponded to the serine/threonine-protein phosphatase 2A (65-kDa regulatory subunit alpha; Table 2 ). The differences could have been due to a posttranslational modification of the serine/threonine-protein phosphatase. A search of the UniProtKB database (http://www.uniprot.org/ help/uniprotkb) indicated that serine/threonine-protein phosphatase 2A is modified after translation by the attachment of at least one acetyl group.
A consistently lower expression in RCA was observed for three protein spots identified as annexin A1 (spots 53, 57, and 58; RCA/NCA: À17.9, À8.1, and À10.2, respectively; Table 2 ). Annexin A1 has an important role in the maintenance of placentation [28] and is modified after translation by acetylation, phosphorylation, and formation of an isopeptide bond that involves the side chain of one or two amino acid residues. Similar to annexin A1, a consistent decrease (RCA/ NCA ¼ À15.4 ) was observed for annexin A2 (spot 52; Table  2 ), which is also functionally involved in the maintenance of placentation [28] . Decreased expression in RCA was also observed for heat shock protein (HSP)-90-alpha (spot 4; RCA/ NCA ¼ À3.9), aldose reductase (spot 48; RCA/NCA ¼ À8.0), the antioxidant enzyme peroxiredoxin (PRDX)-1 (spot 72; RCA/NCA ¼ À5.5), and disulfide-isomerase A3 (spot 19; RCA/NCA ¼ À5.6; Table 2 ). Increased expression of ezrin (spot 11; RCA/NCA ¼ 2.8), a-1-antiproteinase (spot 17; RCA/ NCA ¼ 7.6), heterogeneous nuclear ribonucleoprotein k (spot 18; RCA/NCA ¼ 8.5), monoamineoxidase A (spot 21; RCA/ NCA ¼ 3.2), serpin 1 (spot 37; RCA/NCA ¼ 3.8), and heterogeneous nuclear ribonucleoproteins A2/B1 (spot 60; RCA/NCA ¼ 6.5) was observed in RCA compared to NCA (Table 2) .
Proteomic Profile and Protein Identification in Caruncles
Proteomic analysis of Day 27 caruncles showed 93 protein spots differentially expressed (P , 0.05) between NC and RC (Fig. 5) . The RC showed an up-regulation (P , 0.05) of serpin A3-8 isoforms (spots 32, 33, 34, and 35; volume ratio RC/NC ¼ 2.9, 3.7, 4.1, and 2.5, respectively; Table 3 and Fig. 6, A and  B) . The RC also had increased (P , 0.05) expression of purine nucleoside phosphorylase (spot 66; RC/NC ¼ 2.6), S-methyl-5 0 thioadenosine phosphorylase (spot 67; RC/NC ¼ 2.1), and haptoglobin isoforms (spots 53, 55, 56, 57, and 58; RC/NC ¼ 3.4, 4.4, 7.4, 6.0, and 2.8, respectively; Table 3 and Fig. 6, A  and B) . Six protein spots (31, 46, 47, 48, 49 , and 79) were down-regulated (P , 0.05) in RC, and the respective proteins were calreticulin (RC/NC ¼À2.2), fibrinogen alpha-chain (RC/ NC ¼ À1.9 and À1.5), Na þ /H þ exchange regulatory factor NHE-RF1 (RC/NC ¼ À1.5 and À1.5), and abhydrolase domain-containing protein 14B (RC/NC ¼ À5.7; Table 3 and Fig. 6, A and B) . 
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Validation of 2D-DIGE Results by Western Blot Analysis
Three proteins represented in the proteome analysis for RCA and RC (annexin A2, HSP-90-alpha, and calreticulin) were further validated by Western blot analysis (Fig. 7) . Results showed that, consistent with the down-regulation observed by 2D-DIGE, all three proteins were less abundant in RCA and RC (P , 0.05). Annexin A2 expression in RCA was 0.015 6 0.001 arbitrary units (AU) compared to 0.752 6 0.0035 AU in NCA (P , 0.05); HSP-90-alpha expression was 0.319 6 0.011 AU in RCA and 0.547 6 0.025 in NCA; and calreticulin expression levels were 0.617 6 0.035 AU and 0.45 6 0.025 AU in NC and RC, respectively. Annexin A2 and HSP-90-alpha antibodies were also used to evaluate whether possible cross-contamination of tissue occurred. Results indicated that annexin A2 and HSP-90-alpha were expressed only in chorioamnion and not in caruncle (Supplemental Fig.  S1 ; all Supplemental Data are available online at www. biolreprod.org). Potential cross-contamination was evaluated by protein spot analysis of the NC and NCA gels by Melanie II software (http://world-2dpage.expasy.org/melanie/), which indicated that protein spots did not mach (Supplemental Fig. S1 ).
Gene Ontology
To integrate the proteomics results into a general functional model, the differentially expressed proteins were classified according to UniProtKB database gene ontology and analyzed using DAVID (Database for Annotation, Visualization and Integrated Discovery; http://david.abcc.ncifcrf.gov), which allows access to a relational database of functional annotations [29, 30] . The molecular functions of proteins identified in the chorioamnions were DNA and RNA binding (heterogeneous nuclear ribonucleoproteins A2/B1 and K), cell redox homeostasis (protein disulfide-isomerase A3, amine oxidase-A, aldose reductase, peroxiredoxin-1), protein folding (HSP-90-alpha), cytoskeletal organization (ezrin), proteolysis regulation (a-1-antiproteinase, serpin H1), chromosome segregation (serine/ threonine-protein phosphatase 2A), protein transport (Rasrelated protein Rab-37), and calcium binding (annexin A1, annexin A2) (Supplemental Tables S1A and S1B). The main molecular functions of proteins identified in caruncles were protein folding (calreticulin), hemoglobin binding (haptoglobin), proteolysis regulation (serpin A3-8), nucleoside metabolic process (purine nucleoside phosphorylase), and hydrolase (abhydrolase domain-containing protein 14B) (Supplemental Table S2 ). The DAVID database analysis revealed that HSP-90-alpha and serine/threonine-protein phosphatase 2A are involved in progesterone-mediated oocyte maturation and TGF-beta signaling pathways, respectively (Supplemental Fig. S2 ).
DISCUSSION
The present study reports for the first time the proteomic profiles of the chorioamnions and uterine caruncles in the water FIG. 2 . Representative 2D-DIGE gel image showing protein spots identified as up-regulated (white circles) and down-regulated (red circles). Tissue lysates from NCA (Cy3, green) and RCA (Cy5, red) were analyzed by 2D-DIGE. Ninety five proteins were found to be differentially expressed when NCA and RCA protein expression levels were compared (overlay gel image). Among these, 18 proteins with an average volume ratio RCA/NCA . 2 were recovered from the gel and subjected to MALDI-ToF/ToF analysis. Image is representative of three 2D-DIGE analyses (NCA vs. RCA; n ¼ 3) performed in duplicate.
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buffalo. This is also the first report of proteomic profiles at a later stage of embryonic development in ruminants. In contrast to other domestic ruminants, late embryonic mortality (from Day 25 to Day 32) rather than early embryonic mortality (around Day 17) is the major cause of embryo loss in buffalo [2, 5, 10] . Late embryonic mortality can, however, contribute to reproductive failure in cattle, and the present study could have broader relevance to other ruminants [31, 32] . In the present study, proteomic profiles were determined on Day 27, when it is thought that the conceptus in buffaloes is transitioning to the peri-implantation phase of attachment to the uterine luminal epithelium [11] . The proteomic profiles of the chorioamnion of retarded embryos and the adjacent caruncles showed differences compared to normal embryos for proteins involved with protein folding (HSP-90-alpha, calreticulin), protease inhibition (a-1-antiproteinase, serpin H1, serpin A3-8), calcium binding (annexin A1, annexin A2), DNA and RNA binding (heterogeneous nuclear ribonucleoproteins A2/B1 and K), chromosome segregation (serine/threonineprotein phosphatase 2A), cytoskeletal organization (ezrin), cell redox homeostasis (amine oxidase-A), coagulation (fibrinogen a-chain), and hemoglobin binding (haptoglobin). The potential functional significance of changes in the expression of these proteins is discussed below.
The incidence of late embryonic mortality in the present study was similar to that previously described in buffaloes [2] . 
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FIG. 4. 3D spot view. Representative 3D spot view of the proteins up-regulated and down-regulated in RCA. After electrophoresis, the gel was scanned using a Typhoon scanner to obtain a comparative analysis and accurate measurement of differential protein expression. 
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Buffaloes that experienced late embryonic mortality had lower concentrations of P4 in plasma on Days 10 and 20 after AI compared with buffaloes that were pregnant on Day 45, confirming previous findings [4, 13] . These findings support the hypothesis that late embryonic mortality in buffalo is primarily due to reduced secretion of P4 by the corpus luteum. Adequate luteal function and threshold concentrations of P4 in circulation are required to produce a uterine environment that promotes ongoing elongation of the embryo during the critical peri-implantation period of pregnancy, during which there is attachment of trophectoderm to uterine luminal epithelium [33] [34] [35] . Progesterone supplementation on Day 9 or 12 after mating in sheep increased nutrients in the uterine lumen concomitant with an up-regulation of epithelial transporters for glucose and basic amino acids, suggesting that these nutrients stimulate blastocyst growth and development [36] . We propose that decreased concentrations of P4 are associated with a suboptimal uterine milieu, which has a negative impact on embryonic development and at least contributes to late embryonic mortality in buffalo. The dimensions of Day 25 normal embryos in the present study were similar to those previously reported for buffalo [13, 37] . Retarded embryos had a length similar to those of normal embryos, but the former embryos had a smaller width, which is also consistent with a previous study [13] . Given that embryonic development is related to circulating concentrations of P4 [38] , we propose that retarded embryonic development in association with decreased P4 is indicative of impending late embryonic mortality. In experiment 1, buffaloes that did not have an increase in P4 from Day 10 to Day 20 after AI had retarded embryos and a higher incidence of late embryonic mortality, as previously reported [12] .
In experiment 2, EW was used to select normal and retarded embryos for comparative proteomic profiling. In particular, we chose embryos with an EW less than the risk value (,2.7 mm) for late embryonic mortality, which was the average EW in buffaloes that underwent late embryonic mortality in experiment 1. This most likely explains the smaller EL for retarded embryos in experiment 2, which was not observed in experiment 1. The smaller embryo parameters combined with low circulating concentrations of P4 suggest that buffaloes with retarded embryos in experiment 2 had a very high likelihood of undergoing late embryonic mortality.
Major advances have been made in understanding the molecular mechanisms underlying bovine embryonic development [39] [40] [41] [42] . However, previous proteomic and transcriptomic studies have been restricted to relatively early stages of embryonic development and have investigated embryo-maternal interactions only in cattle, either from in vivo samples or in vitro samples of cell lines [28, [43] [44] [45] . In the present study, retarded chorioamnions had the greatest down-regulation for annexin A1 and annexin A2, which have important functions in placentation [28, [46] [47] [48] . Annexins are in greater amounts in human amnion, chorion, and trophoblast cells [48] [49] [50] . Annexin A1 and A2 inhibit phospholipase A2 activity and influence the synthesis of prostaglandins [51] , which participate in the inflammatory or maternal ''recognition of pregnancy'' response in cattle [52] . Also, annexin A2 is involved in extracellular matrix remodeling [48, 53] , which is important in establishing the intimate conceptus-maternal connection in the placentomes of ruminants. Down-regulation of annexin A2 has been found to lead to placentome failure in somatic cell nuclear transfer fetuses [54, 55] by hampering interaction with the maternal caruncles [28, 47, 56] . The finding in the present study of down-regulated expression of annexin A1 and annexin A2 in retarded chorioamnions suggests that this contributed, at least in part, to late embryonic mortality and/or failure during the peri-implantation period of conceptus attachment to uterine luminal epithelium.
Three other proteins that were down-regulated in retarded chorioamnions, disulfide-isomerase A3, aldose reductase, and PRDX-1, are involved in cell redox homeostasis, which PROTEOMIC PROFILE OF NORMAL AND RETARDED EMBRYOS suggests a possible defect in antioxidant protection. Members of the PRDX family eliminate hydrogen peroxide produced during cell metabolism [57] . Up-regulation of PRDX-1 and thioredoxin was found in the cow and mouse uterus during the implantation window [58, 59] . Moreover, thioredoxin improves in vitro blastocyst development in pigs and cattle [60, 61] . Peroxiredoxin 1 provides protection for trophoblast cells of the developing conceptus, which is extremely sensitive to oxidative stress during the phase of rapid cell division [62] . In humans, the expression of PRDX is decreased in placental villous tissues in early pregnancy failure, suggesting a role for this antioxidant enzyme in early pregnancy [47] .
Heat shock proteins (HSP), which belong to a family of stress-induced proteins that are up-regulated by a variety of stresses including exposure to oxidative radicals [63] , were also down-regulated in retarded chorioamnions. Human chorionic villi cells respond to local hypoxia stress with increased HSP-90-alpha expression, and decreased HSP-90-alpha expression was observed when villous cells received lethal damage [64] . Transcriptional down-regulation of HSP-90-alpha occurred in in vitro-produced horse blastocysts that had slower morphological development than in vivo-derived horse blastocysts [65] . In buffaloes, the expression of HSP-70.1 was found at all stages of embryonic developmental in fast-cleaving embryos, but it was not detected in slow-cleaving embryos, suggesting that the HSP-70.1 expression profile might be used as a marker to select embryos with better developmental competence [66] . The decreased activity of antioxidant enzymes in retarded chorioamnions could partly explain the down-regulated expression of HSP-90-alpha. Given the role of HSP-90-alpha in steroid signaling, it could feasibly also be involved in modifying the steroid responsiveness of tissue [67] .
Retarded chorioamnions showed up-regulation of amine oxidase-A, which can catalyze the oxidation of a wide range of neurotransmitters and also serve as a potent vasoactive mediator to regulate blood flow and capillary permeability [68] . Amine oxidase-A is up-regulated in the uterus of mice during the peri-implantation period, which could indicate a role in implantation of blastocysts and endometrial receptivity [69] . Another protein up-regulated in retarded chorioamnions was ezrin, a membrane-cytoskeletal linking protein up-regulated in the cow uterus at specific times during attachment in response to interferon-tau [58, 70] . Ezrin is also found in the apical membrane of the glandular epithelial cells in the human endometrium [71] . The different pattern of expression of the above proteins in retarded chorioamnions may be due to differences in both the type of placentation (amine oxidase-A and ezrin) and the implantation phase (ezrin).
Up-regulation of another group of proteins (serpin H1, nuclear ribonucleoprotein, protein phosphatase 2A) that constitute a highly regulated family of serine/threonine phosphatases implicated in cell growth and signaling also occurred in retarded chorioamnions. Protein phosphatase 2A (PP2A) has a role in translation, apoptosis, and stress responses, and its de-regulation has been described in carcinogenesis [72, 73] . This protein participates in the TGFB signal transduction pathway involved in embryo differentiation and formation of the placenta [74, 75] . Also, constant regulation of PP2A is required for metaphase II arrest and correct entry into the first embryonic cell cycle [76] .
Serpin A14, a member of the serpin family, is secreted under the influence of P4 [77] and becomes a major protein of the uterine fluid from Day 30 after mating until term in the ewe [78, 79] . Retarded caruncles showed up-regulation of serpin A3-8 (a1-antichymotrypsin), suggesting a role in placental development in the buffalo. In this regard, serpin A3-8 was upregulated in human placental diseases in association with hypomethylation of the 5 0 region of the gene [80] , and its involvement in placental diseases occurs through its strict regulation by a combination of epigenetic, genetic, and transcription-factor mediated pathways [81] . The up-regulation of proteins with protease inhibitor activity in both retarded chorioamnions and retarded caruncles suggests a disequilibrium in proteolytic control that, to date, has only been described as a cause of human pre-eclampsia [82, 83] . The expression of serpin A14 mRNA was found to be up-regulated in buffalo glandular endometrium and in the corpus luteum during early pregnancy, but expression was not detected in the placenta [84] .
Retarded caruncles showed increased expression of haptoglobin, which is an a-2 sialoglycoprotein. Haptoglobin is thought to modulate the maternal immune system [85] and, in this regard, implantation and placentation in cattle is associated with the expression in caruncles of interferon-tau target genes [86] . Interferon-tau, which is secreted by the conceptus from around Day 12 and reaches its highest levels on Days 15 to 16, is fundamental to maternal recognition of pregnancy [87] . Haptoglobin reduces the adhesion and invasion of leukocytes into extracellular matrices, and the release of haptoglobin during attachment might be linked with immunological tolerance [85] . The reason for up-regulation of haptoglobin in retarded caruncles is unclear and reflects the relatively poor molecular understanding of implantation/placentation processes in ruminants.
Retarded caruncles showed reduced expression of the achain of fibronectin. Fibronectin is a component of the extracellular matrix and has a major role in extracellular matrix remodeling in the human placenta [88] . It also has important roles in the development of fetal-maternal vascular communication and the stabilization of implantation in mice and humans [83, 89] . Reduced expression of fibronectin in retarded caruncles may be part of a mechanism that leads to late embryonic mortality in buffalo.
The overall findings of this study are synthesized in Figure  8 . In summary, the present study has revealed differences in the proteomic profiles of normal chorioamnions and retarded PROTEOMIC PROFILE OF NORMAL AND RETARDED EMBRYOS chorioamnions in buffalo and also differences in the adjacent uterine normal caruncles and retarded caruncles. A particularly notable difference between normal and retarded chorioamnions was the reduced expression in retarded chorioamnions of proteins associated with protection from oxidative stress. Normal and retarded caruncles showed differences in protein expression associated with immunological mechanisms and vascularization. This study provides the first functional description of late embryonic mortality in the buffalo.
